CFD model for the performance estimation of open volumetric receivers and comparison with experimental data by Stadler, Hannes et al.
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Abstract
Obtaining reliable information on the thermal performance of a receiver in a solar thermal power plant during the design phase
is essential for optimisation purposes and for the determination of the economic performance of the entire power plant. In open
volumetric receivers, where the heat transfer circuit is open to the environment, this task is particularly challenging due to the
influence of convection phenomena on the air return ratio and thus the heat losses. These losses can only be estimated by means of
CFD simulations, however, since the small scale absorber structure is several orders of magnitude smaller than the receiver itself,
the required computational grid becomes too large to be economically viable.
In this paper a modeling approach is presented, which for the first time allows the effiicient simulation of the entire receiver
including the flow in front of and around the receiver while at the same time considering internal heat transfer within the absorber.
A set of boundary conditions has been developed for the absorber surface of open volumetric receivers in which the characteristic
behaviour of the aborber is modeled without the need of detailed resolution of the absorber structure. The model has been validated
against new measurements at the solar tower Ju¨lich. Moreover, in comparison with literature data of air return ratio measurements
a very good agreement was found.
A characteristic map of the receiver efficiency has been simulated showing peak efficiencies of the open volumetric receiver
of the solar tower Ju¨lich of 70.9 % at a hot air temperature of 650 ◦C and 75.4 % at 450 ◦C. The model can now be used for the
assessment of design concepts for commercial power plants.
Keywords: open volumetric receiver, CFD simulation, efficiency, air return ratio
1. Introduction
The efficiency of the receiver of a solar thermal power plant
has a big influence on the yield of the power plant. It is also
directly coupled to the layout of the heliostatfield. Thus, it
is of utmost importance to have reliable information on the
receiver performance already during the design phase of the
power plant. The two major factors influencing the efficiency of
the receiver are the radiative and the convective losses. While
the radiative losses can usually be estimated to a reasonable ac-
curacy, the convective losses are somewhat more difficult to be
determined. For external receivers numerous correlations have
been derived in the past (Siebers and Kraabel, 1984; Christian
and Ho, 2012; Uhlig et al., 2016) and cavity receivers are inves-
tigated thoroughly (Clausing, 1981; Flesch et al., 2015; Siegrist
et al., 2018). Independent of the outer geometry of the receiver,
these findings cannot easily be adapted to open volumetric re-
ceivers. Here, the air, which is still warm after the steam gen-
erator, is returned to the receiver. However, since it is an open
system this return air partly mixes with ambient air which re-
duces the heat recovery. Therefore, the convective losses of
this type of receiver is dominated by the air return ratio and
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thus the air return mechanism. Marcos et al. (2004) evaluated
various designs of the air return system and highlighted the sig-
nificance of high air return ratios for the increase of the receiver
efficiency.
According to a review by A´vila-Marı´n (2011) air return ratios
in the range of 40 to 60 % are state of the art. More recently,
Stadler et al. (2017) and Tiddens et al. (2017) have presented
measurements of the air return ratio at the solar tower Ju¨lich
in the range of 50 to 70 %. Overall receiver efficiencies are
reported in a range from 48 to 80 % (A´vila-Marı´n, 2011) and
50 to 60 % (Ho and Iverson, 2014). The efficiencies reported
in these reviews were mainly evaluated from experimental data
from prototype receivers or are based on absorber efficiencies.
Pitot de la Beaujardiere and Reuter (2018) have presented
a review on the modeling of open volumetric receivers. Sev-
eral approaches exist for the modeling of absorber efficiencies.
For example, Wu et al. (2011) as well as Wu and Wang (2013)
have developed detailed models for mesh-type absorbers and
Capuano et al. (2016) have reviewed approaches which are suit-
able for HiTRec-type absorbers. These models take the incom-
ing radiation, the inlet temperature in front of the absorber, and
the mass flow as input and return the hot air temperature at the
outlet of the absorber based on heat transfer calculations. In this
type of model the heat transfer to the return air flow is neglected
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Nomenclature
Acronyms
HiTRec High Temperature Receiver
Greek Symbols
γ identifier for return air inlet cells (−)
ε emissivity (−)
ζ pressure drop coefficient (−)
η receiver efficiency (−)
% fluid density (kg/m3)
σ Stefan-Boltzmann constant (5.67 × 10−8 W/(m2 K))
Roman Symbols
A mesh face surface area
a0−7 regression coefficients
ARR air return ratio
b0−2 regression coefficients
G irradiance (W/m2)
H˙ enthalpy flow (W)
h specific enthalpy (J/kg)
J radiosity (W/m2)
m˙ mass flow (kg/s)
~n patch normal vector (−)
p pressure (Pa)
Pair air power (W)
Q˙ radiative heat flux (W)
T temperature (K)
~U velocity (m/s)
Subscripts
i patch cell index
j agglomerate index
abs absorber
design design point
fan at fan
h hot air
inc incident radiation at receiver
p patch surface
r return air
rad radiation
rec receiver
as the focus is on the radiation absorbtion and emission as well
as the heat transfer to the hot air flow.
In a more complex approach by Ahlbrink et al. (2009a) the
entire receiver is modeled taking into account the heat flux and
the mass flow distribution across the absorber surface. How-
ever, the air return ratio was considered constant across the ab-
sorber surface neglecting the interaction between individual ab-
sorber modules of the HiTRec concept.
Maldonado Quinto (2016) has analysed the interaction be-
tween the hot air and the return air flows by means of CFD sim-
ulations of a single absorber. He has shown a minimum of the
air return ratio at the absorber for a ratio of the return air mass
flow to the hot air mass flow of 1. Moreover, he has shown
that a reduction of the return air momentum by increasing the
surface area is beneficial for the air return ratio.
The interaction between individual absorbers was investi-
gated by Rolda´n et al. (2016) in a 2D CFD simulation and with
a full 3D model by Maldonado Quinto (2016) with the result,
that for an arrangement of several absorber modules placed on
top of each other the overall air return ratio was reduced by
about 5 %-points with respect to the single absorber module.
This behaviour is due to the complex interaction of the return
air flow with the ambient and highlights the necessity to con-
sider the entire receiver together with the ambient flow for the
determination of the efficiency. Thus, it is essential to build
a numerical model in which the complex flow phenomena in
front of the absorber are taken into consideration and which is
computationally efficient enough to be used for the analysis of
receivers of commercial scale.
2. The Solar Tower Ju¨lich
The largest solar thermal power plant with open volumetric
receiver built so far is the solar tower Ju¨lich with a thermal
power output of 7 MW (Koll et al., 2009). Up to now, only one
other power plant with open volumetric receiver has been built
thereafter in Daegu, Korea with a thermal power of 200 kW
(Jang et al., 2012). For the development of the numerical model
the solar tower Ju¨lich will thus serve as reference geometry and
the simulation results will be compared to data obtained from
measurements at it.
The basic design of the Solar Tower Ju¨lich has previously
been described in Stadler et al. (2017) and is repeated here for
clarity, see fig. 1. The receiver is centred at 55 m above ground
level and has an aperture of approximately 23 m2. The air that
is heated in the receiver 1 is used to produce steam in a heat
recovery steam generator 2 or is stored in the thermal energy
storage 3 . Thereafter it is returned to the receiver in order to
recycle its residual heat 4 . Thereby it is also used to cool the
receiver metal support structure to prevent overheating. The air
is then blown out in between individual absorber modules as
has been described by Ahlbrink et al. (2013), see also fig. 2.
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Figure 1: Basic design of a central receiver solar power plant with open volu-
metric receiver, 1: receiver, 2: heat recovery steam generator, 3: thermal energy
storage, 4: air return system.
Outside the receiver the return air mixes with ambient air so
that only a part of it is sucked back in. The air flowing through
individual absorber modules is heated to the temperature Tabs.
It is then collected in a single hot air pipe where the mixing
temperature Trec is reached.
The receiver itself consists of 1080 square absorber modules
with a gap of a few millimetres in between them as shown in
fig. 2. The design mass flow distribution is adjusted for every
absorber module to follow the distribution of the design inter-
cept radiation (cf. Ahlbrink et al. (2013)).
3. Measurements
As indicated in the review by Pitot de la Beaujardiere and
Reuter (2018), hardly any data of large scale receivers are avail-
able for the validation of numerical models. Thus, measure-
ments have been conducted at the solar tower Ju¨lich which can
be used as benchmark. For the calculation of the receiver effi-
ciency η according to eq. 1 the temperatures of the hot air and
the return air Th and Tr, respecitvely as well as the total air
massflow m˙ and the incident power Q˙inc have to be measured.
η =
Pair
Q˙inc
=
H˙h − H˙r
Q˙inc
=
m˙
Q˙inc
· (h(Th) − h(Tr)) (1)
The mass flow has been measured with a ultrasonic flow me-
tre with an accuracy of ±1 %. Both, the return air and the hot
air temperature have been determined by taking the average of
sets of five type N thermocouples. The return air temperature
was measured next to the mass flow measurement as indicated
in fig. 1 and the hot air temperature right after the collection of
the individual absorber flows.
The flux density distribution was measured by a revised and
enhanced method based on the reflection method presented
by Go¨hring et al. (2011). The reflection off the absorber is
recorded with a camera and this image is corrected for the
spatially unequal reflective properties of the absorber material.
With this method high quality flux distribution maps can be ob-
tained.
For the evaluation of the receiver efficiency stationary operat-
ing points have been sought and the respective parameters have
been averaged over a period of 10 min.
Measurements of the air return ratio have been presented ear-
lier (Stadler et al., 2017) and will be used for the verification of
the numerical model.
4. Modeling
CFD simulations have been carried out using the opensource
CFD-code OpenFOAM version 4.1. The challenge in model-
ing open volumetric receivers is the span over several orders of
magnitude in the size of individual absorber channels (in the or-
der of 1 mm) and the size of the entire receiver which is in the
order of 10 m. This results in very large mesh sizes in the or-
der of 109 mesh elements which is not suitable for engineering
simulations. Therefore, the absorber structure has to be mod-
eled without resolving all geometric details. To do so, a set
of appropriate boundary conditions has to be developed for the
absorber surface which has to fulfil three functions: firstly, it
serves as outflow boundary for the air which is heated up in the
absorber, secondly, it serves as inlet boundary for the return air
flow, and thirdly, the radiative transfer equation has to be solved
in order to guarantee the conservation of energy.
The general approach is visualised in fig. 2. The performance
of the absorber structure itself, that is the radiation absorbtion
and the heat transfer from the absorber material to the air, is
modeled in a 1D-FEM model and stored in characteristic maps,
one for the temperature of the return air on the boundary of
the CFD domain (i.e. the patch) Tp,r and one for the hot air
temperature behind the absorber Th. Within the temperature
boundary condition these values are read from the characteristic
maps and further processed.
4.1. Geometric Representation of Absorber Structure
Instead of resolving individual absorber modules and the
channels in between them, the entire absorber is treated as a
single patch with a smooth surface. A certain number of patch
cells is then pooled together in separate agglomerates. A frac-
tion of the cells in the centre of every agglomerate is then de-
fined as return air inlet (variables referring to these cells carry
the index r) whereas the remainder of every agglomerate serves
as outlet out of the computational domain for the hot air (index
h). Starting with a single cell in the centre of the agglomer-
ate defined as inlet cell, further neighbouring cells are subse-
quently added until the area fraction of the inlet section reaches
the same ratio as in the original receiver. Thus, the momenta of
the incoming and the outgoing fluid streams are modeled corre-
sponding to the original.
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1D-FEM model
CFD-domain input/output
values
boundary conditions 
and submodels
1D-FEM model
characteristic maps
temperature
boundary condition
velocity
boundary condition
CFD-domain
input/output
values
boundary conditions
radiation
boundary condition
G
Tp,r
Tp,h
U
J
U
pp
Q˙
Tr, Tp,h
m˙r, m˙h
Tr,p
Th
Trad
Tr
Th
Q˙inc
ζr, ζh
pfan,r
pfan,h
Figure 2: Schematic drawing of absorber structure on the left side. The return air gaps between individual absorber modules are shown with orange arrows marking
the return air flow and the gree arrows marking the flow into the absorber. On the right side the flow diagram of the multi-level modeling approach with respective
input and output parameters is shown. The meaning of the parameters is defined in section 4.
4.2. Characteristic Maps of Absorber Performance
For the calculation of the characteristic maps of the absorber
performance a one dimensional model of the absorber modules
is used as described by Ahlbrink et al. (2009b). On the basis of
a typical incident radiation, that is the angular distribution of the
incident flux, the absorption in the absorber channels is evalu-
ated. This heat flux is then used as a boundary condition for the
calculation of the heat transfer between the absorber structure
and the fluid flow. Furthermore, after leaving the honeycomb
structure of the absorber the heat exchange between the hot air
and the return air is modeled as well. In the characteristic maps
the hot air temperature Th and the return air temperature after
leaving the absorber Tp,r are stored as a function of the incident
radiation Q˙, the inlet return air temperature Tr, the patch tem-
perature Tp,h, and the mass flows of the hot air and the return
air m˙h and m˙r, respectively.
Unlike the hot air temperature measured and used for power
plant operation in the solar tower Ju¨lich, the hot air temperature
analysed in the CFD simulations thus represents the tempera-
ture directly after the absorbers.
While the characteristics used in the current model have been
calculated for the HiTRec honeycomb structure, characteristics
for other structures like foams, wire meshes (Fend et al., 2004),
or printed structures (Capuano et al., 2017) can easily be inte-
grated in the boundary condition.
4.3. Boundary Conditions for Velocity Field
For the calculation of the velocity on the boundary patch a
numerical approach resembling the real setup has been chosen.
The mass flow through the absorber is a result of the differ-
ence between the ambient pressure and the pressure inside the
absorber. In order to obtain a desired mass flow distribution,
orifices with adapted diameters are integrated in the flow path
(Ahlbrink et al., 2013). This behaviour is modeled on the CFD
side by introducing pressure loss coefficients for both flow di-
rections, return air and hot air, ζr and ζh which results in an
artificial pressure drop. The distribution of the pressure loss co-
efficients is mapped on the computational grid and the velocity
is then calculated according to the following equation:
~U = ~n

√
2 ·
(
pp − pfan,h
)
ζh%p
· (1 − γ)
−
√
2 ·
(
pfan,r − pp
)
ζr%r
· γ
 . (2)
Herein, ζ is the pressure drop coefficient, % is the density, p is
the pressure, ~n is the normal vector of the patch, and γ is the
field describing the return air outlet cells (γ = 1 for return air
cells and γ = 0 for hot air cells). The indices ’p’ stand for the
patch value as compared to the internal values ’fan’, see fig. 2.
The internal values are additionally distinguished for the return
air and the hot air.
The internal pressure values pfan,h and pfan,r are equal over
the entire patch, but are iteratively adjusted by means of a PI-
controller so that the temperature of the hot air as it is deter-
mined in the temperature boundary condition reaches the de-
sired value and so that the final mass flow of the return air
matches the value of the hot air.
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Figure 3: Front view of the volumetric receiver with external air ducts on the
sides and at the bottom. The actual absorber surface is shown in dark colour
with the inlet cells of the return air highlighted against the background. The
zoom image shows the mesh resolution on the absorber and the return air inlet
cells in the centre of the agglomerates.
4.4. Boundary Condition for Temperature Field
The temperature on the absorber patch is again treated differ-
ently depending on γ. For hot air cells, a zero-gradient bound-
ary condition is applied which means, that the patch value Tp,h
is equivalent to the patch internal field. For return air cells, the
temperature is given as a fixed value. The value Tp,r is thereby
determined from the characteristic map which gives the tem-
perature as a function of the relevant properties (see fig. 2): ir-
radiation Q˙, the mass flow of hot air m˙h, the mass flow of the
return air m˙r, and the hot air temperature prior to heating in the
absorber Tp,h. The air temperature Tp,h is averaged per agglom-
erate so that this value is available also for return air cells where
the actual patch temperature is set according to the characteris-
tic map. The irradiation Q˙ comprises both, incident radiation
from the heliostat field as provided as input value Q˙inc and, if
radiative heat transfer is considered in the simulation, radiation
coming from the surrounding surfaces G. Where for the irra-
diation and the temperature the cell values are used, the values
for the mass flows are area weighted agglomerate values. This
way these parameters are available for all cells independent of
it being defined as inflow or outflow cell.
Based on the same parameters, a second characteristic map
gives the hot air temperature after heating in the absorber. For
every agglomerate j the net enthalpy flow is then calculated by
summation over every agglomerate cell i:
Pair, j =
∑
i
m˙i ·
(
h(Th, j) · (1 − γi) − h(Tr, j) · γi
)
. (3)
The total air power is determined by summation over all ag-
glomerates:
Pair =
∑
j
Pair, j. (4)
The difference between the irradianceG and the energy trans-
ferred to the air flows, return air and hot air, is equivalent to the
radiosity J which comprises both, reflection and emission:
Ji = Gi − Pair, j · AiA j . (5)
If a radiation model is used, the radiosity can be used to cal-
culate an effective radiation temperature Trad which is then used
in the radiation boundary condition. Otherwise this term is only
of informative nature.
Trad =
4
√
J
σε
(6)
4.5. Boundary Condition for Radiation View Factor Model
If, next to the incident radiation from the heliostat field, ra-
diative heat transfer is incorporated in the simulation, a bound-
ary condition is needed in which the radiative losses from the
absorber surface are determined. With the radiation tempera-
ture Trad calculated in the temperature boundary condition the
effective radiative losses are evaluated.
4.6. Computational Grid
The computational domain for the current investigation had
a square base area with 50 m × 50 m and a height of 75 m start-
ing from the ground and ranging to 15 m above the tower which
was horizontally centred in the domain. Full tetrahedral grids
have been used. Since the absorber is an inflow/outflow bound-
ary condition and the surrounding radiation shield was modeled
adiabatic, no inflation layers were used.
Due to the new modeling approach a conventional grid inde-
pendence study is not sufficient for the estimation of the dis-
cretisation error. The higher the chosen number of agglom-
erates the better the model reflects the true absorber struc-
ture. However, due to the surface discretisation there is a limit.
Therefore, next to a variation of the grid size with three grids
ranging from 4.5 million to 9.9 million elements with a resolu-
tion on the absorber surface ranging from 4 cm to 2 cm also the
effect of the number of agglomerates and of the area fraction of
the inlet cells has been analysed.
From the results presented in table 1 it becomes apparent,
that the grid size and the area fraction of the inlet cells has no
markable influence neither on the air return ratio nor on the ef-
ficiency. Only the number of agglomerates has a positive effect
on both, the air return ratio and the efficiency. Moreover, any
increase of the efficiency is directly proportional to an increase
of the air return ratio. Therefore, it is sufficient for the grid
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Table 1: Results of the mesh independence study.
no. of abs. no. of frac s/t ARR η
cells res. aggl.
4.5 mio 4 cm 550 8.9 % s 59.8 % 68.8 %
5.9 mio 3 cm 550 8.5 % s 61.3 % 69.8 %
9.9 mio 2 cm 550 8.5 % s 60.6 % 69.3 %
5.9 mio 3 cm 320 8.1 % s 55.0 % 68.2 %
5.9 mio 3 cm 700 8.5 % s 63.1 % 70.2 %
5.9 mio 3 cm 550 7.6 % s 60.8 % 69.7 %
5.9 mio 3 cm 550 7.9 % s 59.9 % 69.4 %
5.9 mio 3 cm 550 8.5 % t nd 69.7 %
abs. res.: absorber resolution
no. of aggl.: number of agglomerates
frac: average area fraction of inlet cells per agglomerate
s: steady state; t: transient
independence study to analyse the influence of the number of
agglomerates on the air return ratio.
The increase of the air return ratio with increasing number of
agglomerates is significant. However, there is a limit in further
refinement of the agglomerates as for the stability of the simu-
lation it is advisable not to have single cells as inlet surrounded
by outlet cells. For the medium case with 550 agglomerates ev-
ery agglomerate consists of around 80 to 90 mesh faces and in
every agglomerate about 6 to 7 faces are marked as inlet cells
for the return air.
For the current investigation the mesh with a total of
5.9 million grid elements and a size on the absorber surface of
3 cm was chosen. In total, 550 agglomerates have been defined
so that compared to the original geometry about two absorber
modules are combined in one agglomerate. As will be seen
later, this choice resulted in a good, in some points conserva-
tive, estimation of the air return ratio.
For this case also a transient simulation has been carried out
in order to analyse the influence of transient effects on the so-
lution correctness. No markable difference between the steady-
state and the transient simulation is apparent so that for the fur-
ther study steady-state simulations are considered.
From this grid study the discretisation error can be estimated
as the spread of the simulations with varying grid parameters.
For the simulated efficiency it lies in the range of ±2 % and for
the simulated air return ratio it lies in the range of ±5 %.
4.7. Simulation Setup
In order to obtain a characteristic map of the receiver per-
formance, simulations have been conducted with varying hot
air temperatures (450 ◦C, 550 ◦C, 650 ◦C, and 700 ◦C) and load
conditions ranging from 20 % to 100 %. The incident flux for
all these simulations was based on the design flux distribution
and was scaled according to the load condition.
In addition, setups run during the measurements of the re-
ceiver performance have been simulated as well whereby the
mass flow was fixed in the boundary condition instead of the
hot air temperature.
The steady-state simulations have been started from a com-
mon initial solution. After about 1000 simulation steps the
desired temperature was reached and shortly thereafter the air
power reached a constant level as well. Due to the fluctuat-
ing nature of natural convection phenomena the simulation was
run for a total of 10000 simulation steps and average values of
the last 3000 iteration steps have been used for further analysis.
Ideally, all simulations should have been carried out transient
instead of steady state. However, a transient simulation with
a sample case showed that the difference between the transient
solution and the steady state solution is well below the uncer-
tainty of the meshing error and thus the results of the steady
state simulation can be used for further analysis.
For the evaluation of the air return ratio, a subsequent sim-
ulation with a passive scalar was run. The passive scalar has a
value of 1 in the inlet of the return air (as seen from the com-
putational domain) and 0 on all other inlets. As a consequence,
the mass flow averaged value of the passive scalar on the actual
absorber surface (air outlet for the compuational domain) gives
the concentration of the return air and thus the air return ratio.
5. Results
Figure 4 shows exemplarily the distribution of the patch tem-
perature Tp. For a hot air temperature of 650 ◦C and 100 % a
quite even temperature distribution around 450 ◦C can be seen
with two regions at the upper outer edges of the receiver reach-
ing values close to 600 ◦C. At the lower edge the temperature
is close to the ambient temperature. The return air cells where
the temperature is set according to the characteristic maps stand
out relative to the surrounding temperatures with higher values
all across the receiver.
In fig. 5 the distribution of the return air concentration on
the absorber is shown with a slice through the fluid in front
of it again for a hot air temperature of 650 ◦C and 100 % load.
On the absorber the return air concentration is equivalent to
the air return ratio. The return air concentration (and thus the
ARR) exhibits the same general pattern as the patch tempera-
ture. It varies between 40 % and 100 % while at the lower edge
of the absorber the return air concentration is close to zero.
From the slice it can be seen that high return air concentra-
tions are reached also at quite some distance from the absorber.
Moreover, the streamlines projected onto the slice highlight the
strong mixing effects as well the convective flow to the top car-
rying away part of the return air.
In Stadler et al. (2017) it was shown, that the air return ratio
primarily depends on the mass flow. In fig. 6 results from the
simulation are plotted over the mass flow. The graph is trun-
cated at a maximum mass flow of 15 kg/s since higher mass
flows are technically not feasible at the solar tower Ju¨lich. It
can be seen, that all data follow the same trend independent of
the hot air temperature. Thus, a single power law regression for
all data according to eq. 7 was determined and is included in the
graph.
ARR = a0 + a1 · m˙−a2 (7)
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Figure 4: Simulated distribution of the patch temperature. The settings for this
case are a hot air temperature of 650 ◦C and 100 % load.
Figure 5: Simulated distribution of the return air concentration which is equiv-
alent to the local air return ratio ARR on the absorber. The settings for this case
are a hot air temperature of 650 ◦C and 100 % load.
The parameters of this regression are given in table 2. The max-
imum deviation of the simulation results from the regression is
1.5 % with an average of 0.6 %.
Figure 6: Simulation results for the air return ratio and comparison to experi-
mental data taken from Stadler et al. (2017). The experiments were carried out
without solar irradiation and with the return air at ambient temperature.
In addition to the simulated values, experimental data from
Tiddens et al. (2017) are included in the graph. These data were
obtained without solar irradiation and with the return air at am-
bient temperature. A similar but much stronger trend compared
to the current simulations can be seen.
The simulation results for the efficiency are presented in fig. 7
over the part load fraction (Q˙inc/Q˙inc,design). A clear trend to-
wards higher efficiencies with increasing load and decreasing
hot air temperature can be identified. Maximum efficiencies
range from 69.1 % at 700 ◦C to 75.4 % at 450 ◦C. At a given
temperature, the efficiency follows a power law with respect to
the load resulting in a considerable reduction of the efficiency
unter low part load conditions. At an air temperature of 700 ◦C
and 40 % part load the simulation diverged because the pre-
scribed mass flow distribution on the absorber surface could not
be reached. This result is not surprising as the receiver is not
designed for these high air temperatures at such low part load
conditions.
The coefficients of the power law change with the hot air tem-
perature. Therefore, the single regression for all data is more
complex than for the air return ratio:
η = b0 + b1 · Tabs + b2 · T 2abs
+
(
b3 + b4 · Tabs + b5 · T 2abs
)
· q−(b6+b7·Tabs). (8)
The coefficients of this regression are also listed in table
2. With this regression the average and maximum deviation
from the simulated values is approximately 0.5 % − points and
1.7 % − points, respectively.
In addition, fig. 7 includes lines of constant massflow which
are, according to eq. 7, equivalent to a constant air return ratio.
Due to the uncertainty of the regression in eq. 7 these lines cover
a certain range of values of the efficiency and are therefore only
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Figure 7: Simulation results and regression curves for the efficiency as a func-
tion of the part load condition with the hot air temperature as parameter. Ranges
of equal mass flow are included for easier comparison to fig. 6.
Table 2: Coefficients of the regressions in eqs. 7 and 8.
coefficient value coefficient value
a0 6.83 × 101 b2 −6.04 × 10−7
a1 −6.72 × 101 b3 −1.25 × 10−2
a2 9.02 × 10−1 b4 7.53 × 10−5
b5 −1.28 × 10−7
b0 6.62 × 10−1 b6 1.49
b1 4.92 × 10−4 b7 2.22 × 10−3
of indicative nature.
The above presented numerical results have been compared
to experimental data obtained at the solar tower Ju¨lich. Ex-
periments have been carried out in the summer of 2017 with
the goal to obtain data with the newly developed flux measure-
ment technique which can be used for performance estimations.
The comparison of the numerical and the experimental data is
given in table 3. Five different settings are presented ranging
from 22 % partload to 44 % partload and with hot air temper-
atures between 378 ◦C and 592 ◦C. Due to constraints in the
availability of the heliostatfield and due to poor weather con-
ditions no higher load conditions could be tested. The values
marked in bold have been used as boundary conditions for the
CFD simulations. For the majority of the investigated cases
the overestimation of the simulated efficiencies compared to
the measurements is between 2 % and 4 % except for case 2
with a maximum of 9 % while the difference between the hot
air temperature lies between 6 (case 5) and 29 K (case 2). As
described afore, the hot air temperature is measured at a point
downstream compared to the point of evaluation in the simu-
lation. Thus, higher hot air temperatures in the simulation are
expected.
6. Discussion
The simulated results show a reasonable agreement with the
measured values. As expected, higher values for the efficiency
are obtained in the simulations because of the different defini-
tions of the hot air temperature. Thus, the numerical model
seems to be reasonably accurate for the estimation of receiver
performance. Remaining differences between measurement
and simulation can be attributed to several possible effects or
to combinations thereof:
• Small fluctuations or drifts of the measured values dur-
ing the measurement time as compared to fully stationary
boundary conditions in CFD-simulations.
• Especially under part load conditions, where the efficiency
strongly increases with the load, a small uncertainty in the
flux measurement can lead to large deviations in the simu-
lated efficiency.
• The simulations were carried out without considering am-
bient wind conditions.
The trend of an increasing air return ratio with increasing
mass flow published earlier (Stadler et al., 2017) could be con-
firmed with the numerical simulations presented here. Where
no intermediate values were measured in our previous study
and only a linear trend for the investigated range could be as-
sumed, it could now be shown, that the actual trend follows
a power law. In the simulations the lower values at a mass
flow rate of 5 kg/s could be confirmed but the increase towards
higher massflows turns out to be not as strong as suggested pre-
viously. This can at least in parts be attributed to the agglom-
erate discretisation in the simulations. From the grid study it
could be seen, that a finer discretisation leads to higher ARR
values. Thus, these experiments support the assumption, the
simulations rather underestimate the real air return ratio and
thus efficiency.
Where only assumptions on the reason for the increase of the
air return ratio with the mass flow could be made in our previ-
ous publication, the numerical simulation allows to analyse the
phenomena more deeply. As can be seen in fig. 5, a high con-
centration of the return air can be seen especially at the upper
end of the receiver. This return air is lost in the lower regions of
the receiver and leads to a buffer layer of return air in the upper
regions where it is sucked back in. With low mass flow rates,
this buffer layer is much smaller so that it mixes more intensely
with the ambient air resulting in lower return air concentrations
and thus lower air return ratios at lower mass flows.
7. Conclusion and Outlook
A set of boundary conditions for CFD simulations has been
developed which allows the simulation of the performance of
open volumetric receivers according to the HiTRec principle.
The model allows the inclusion of different absorber perfor-
mance characteristics so that other absorber designs can be in-
cluded as well. For the first time it is now possible to take into
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Table 3: Comparison of simulation results with experimental data obtained at the solar tower Ju¨lich. Values marked in bold have been used as boundary condition
for the CFD simulations.
case 1 case 2 case 3 case 4 case 5
parameter unit exp / CFD exp / CFD exp / CFD exp / CFD exp / CFD
Q˙inc MW 4.63 / 4.63 4.34 / 4.34 4.70 / 4.70 5.02 / 5.02 2.56 / 2.56
m˙ kg/s 7.3 / 7.3 6.5 / 6.5 5.3 / 5.3 7.2 / 7.2 5.6 / 5.6
Tr ◦C 129 / 129 138 / 138 115 / 115 162 / 162 80 / 80
Th ◦C 517 / 527 507 / 536 592 / 601 559 / 572 378 / 384
Pair MW 2.95 / 3.06 2.51 / 2.73 2.68 / 2.73 3.05 / 3.13 1.72 / 1.77
η % 63.7 / 66.2 57.8 / 63.0 57.0 / 58.2 60.6 / 62.2 67.2 / 69.0
account the interaction between the absorber characteristics and
the external flow around the entire receiver. Thereby the spatial
distribution of the air return ratio, which is a key characteris-
tic for the performance of open volumetric receivers, is sim-
ulated in detail. The model has been validated against newly
obtained measurement data from the solar tower Ju¨lich show-
ing a general good agreement, whereby the simulation results
are rather conservative estimations of the true air return ratio
and efficiency. Depending on the hot air temperature the sim-
ulations show receiver efficiencies for the solar tower Ju¨lich of
70.9 % at 650 ◦C and 75.4 % at 450 ◦C.
The modeling approach allows for a comprehensive investi-
gation of receiver performance under various boundary condi-
tions such like varying wind conditions. Moreover, the model
can also be used to analyse new large scale receivers and to es-
timate receiver performance for commercial applications of the
open volumetric receiver.
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